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Abstract
There has been significant interest in the development of
multicomponent nanocrystals formed by the assembly of two
or more different materials with control over size, shape,
composition, and spatial orientation. In particular, the
selective growth of metals on the tips of semiconductor
nanorods and wires can act to couple the electrical and
optical properties of semiconductors with the unique proper-
ties of various metals. Here, we outline our progress on the
solution-phase synthesis of metal-semiconductor heterojunc-
tions formed by the growth of Au, Pt, or other binary
catalytic metal systems on metal (Cd, Pb, Cu)-chalcogenide
nanostructures. We show the ability to grow the metal on
various shapes (spherical, rods, hexagonal prisms, and
wires). Furthermore, manipulating the composition of the
metal nanoparticles is also shown, where PtNi and PtCo
alloys are our main focus. The magnetic and electrical
properties of the developed hybrid nanostructures are
shown.
Keywords: synthesis; Hybrid Nanocrystals; Nanowires; Electrical
and magnetic properties; MOCVD
T
he assembly of two or more nanostructured
components with precise control over the size,
shape, composition, and spatial orientation is
desirable not only for the combination of different
functionalities, but also for advanced properties that
can arise independent of the single-component materials.
Engineering hybrid multicomponent nanostructures
draws on the vast array of synthetic techniques now at
our disposal to assemble nanocrystals with very different
properties; a semiconductor nanocrystal can be combined
with a metal in such a way that the hybrid structure can
be tailored to a specific application.
Non-centrosymmetric hybrid nanocrystals have been
prepared from a variety of materials combinations, with
the resulting conformations depending on the crystal
structure, miscibility, interfacial strain, or selective
reactivity of the components (1). In this type of hybrid
nanocrystal, both materials are exposed and spatially
isolated, allowing for asymmetric assembly or functiona-
lization. This is, in contrast to core/shell structures, where
only the outer shell is available for chemical reactions.
Semiconductors, for example, often exhibit considerably
greater facet-specific chemical reactivity than metals,
owing to their anisotropic crystal structures (2). There
has been significant interest in the selective growth of
metals on the tips of nanorods and wires to couple the
electrical and optical properties of semiconductors with
the unique properties of various metals. A number of
approaches have been used to selectively grow metals on
semiconductors through reduction, physical deposition,
or photochemistry to give Au and Ag on ZnO (3, 4), Co
and Au on TiO2 (5, 6), and others (7, 8). Here we describe
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heterojunctions focused on Cd and Pb calcogenide
interfaces with Au, Pt, and other binary catalytic metal
systems.
A number of bimetallic nanoparticle systems, including
the NixPt1-x nanocrystals described by Weller and cow-
orkers, have magnetic properties that can be utilized for
high-density data storage and other magnetic-based
applications (9). Furthermore, bimetallic materials fre-
quently present advanced catalytic behaviors distinct
from their constituent metals. For example, NiPt nano-
particles show enhanced activity for oxygen reduction
relative to pure Pt (10, 11). The incorporation of
semiconductors with bimetallic catalyst particles may be
of particular interest for photocatalytic and photovoltaic
applications.
Preparation of hybrid nanostructures
CdSe nanowires
CdSe nanowires were grown by a previously reported
form (12) of the SLS growth mechanism (13). Briefly,
cadmium oxide (CdO 99.99%, 0.006 g, 0.047 mmol) was
complexed with n-tetradecylphosphonic acid (n-TDPA
97%, 0.0270 g, 0.097 mmol) in trioctylphosphine oxide
(TOPO 99%, 5gr) for 90 min at 3008C under N2 using
standard Schlenk technique. The catalyst, a 6 nm thin
film of Bi, was thermally evaporated on top of a 2.5 nm
sticking layer of Cr on a Si(100) substrate. In a typical
synthesis, one or two ~ 0.4 cm
2 Si substrates were added
to the Cd-TDPA solution at 2708C. Since the bulk
melting point of Bi is 2718C, some of the Bi thin film
melts and dewets from the surface of the substrate
forming Bi nanoparticle catalysts. Next, 0.25 mL of 2.5
wt% selenium (99.5% powder mesh) dissolved in trioc-
tylphosphine (97%) was injected into the solution. After 5
min of growth time, the solution was cooled and then
diluted with 5-10 mL of toluene. The CdSe nanowires
suspended in solution were precipitated by addition of
methanol followed by centrifugation. The product was
stored as a colloidal suspension in toluene.
Cu2S nanoprisms
Inatypicalsynthesisofthehexagonalnanoprisms,6mLof
a 0.11 M solution of Cu(II)[S2CNC4H10]2 in trioctylpho-
sphine (TOP 97%) is placed on a 6 mm6 mm Si (100)
substrate that has been cleaned by sonication in isopropa-
nol.Thesubstrateisplacedontoaglassslideonahotplate
and heated under inert atmosphere (N2) to 2402508C
until all solvent has evaporated (about 10 min).
Single-source molecular precursors Cu(II)[S2CNC4
H10]2 and was synthesized based on previously published
methods (14). Briefly, Cu(II)Cl2, Pb(II)Cl2, and sodium
diethyldithiocarbamate (Na(I)[S2CNC4H10]) were dissol-
ved separately in deionized water (R 18.0 MU). The
metal ion solution was mixed with the dissolved diethyl-
dithiocarbamate ligand solution with a ligand to metal
molar ratio of 2:1. The product formed immediately as a
precipitate and was vacuum filtered and dried. The
molecular precursor was recrystallized once from hot
chloroform before use.
Au growth
The CdSe wires were decorated with Au according to a
method described previously (15). A toluene solution
containing gold trichloride (AuCl3, 12 mg, 0.03 mmol),
didodecyldimethylammonium bromide (DDAB, 40 mg,
0.09 mmol), and dodecylamine (DDA, 70 mg, 0.38
mmol) was sonicated for 5 min and then added dropwise
to a suspension of nanowires stirring under N2. The
product was precipitated with methanol and separated by
centrifugation. The amount of precursor added was
varied to give the desired degree of Au overgrowth.
Pt, PtNi, and PtCo growth
Decoration of the CdSe wires with Pt, PtNi, and PtCo
was achieved as described previously (16). Oleic acid (0.2
mL), oleylamine (0.2 mL), and 1, 2-hexadecanediol (43.0
mg) were heated in diphenyl ether (10 mL) at 808C under
vacuum for 30 min to remove traces of water. Platinum
acetylacetonate (32.8 mg) was added to a suspension of
CdSe nanowires in 1,2-dichlorobenzene and heated at
658C for 10 min to promote dissolution of the Pt
precursor. The mixture of surfactants and diphenyl ether
was purged with nitrogen and heated to 2008C before
injecting the Pt precursor and semiconductor wires. After
several minutes, the reaction was removed from heat and
quenched in a water bath. The product was washed by
precipitation with ethanol followed by centrifugation.
Either nickel or cobalt acetate was added to the reaction
prior to heating to 808C to promote PtNi or PtCo
formation. Control over the binary composition is
possible by altering the ratio of the metallic components
or by changing the metal to CdSe nanowire ratio.
GaN and InGaN growth
GaN and GaN@InGaN core-shell nanowire growth was
carried out in a Thomas Swan, Showerhead MOCVD
cold-wall reactor. The growth substrates were prepared
by drop-casting 40 mL of 0.2 M solution of NiNO3 in
ethanol onto 1 cm
2 c-plane sapphire wafer. For sub-
strates, of 5:1 ratio B. B. International 10 nm gold colloid
to ethanol was drop-cast onto wafers. Pure GaN nano-
wires were grown for 10 min at  8258C. The reactive and
carrier gas flows were 600, 41,200, and 400 sccm for
ammonia, tri-methyl gallium (TMG), hydrogen, and
nitrogen. The TMG bubbler was kept at 58C and the
reactor pressure was 140 Torr. For core-shell wires, the
same conditions were used for GaN nanowires with a
subsequent step for InGaN deposition. The InGaN shells
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7508C. The reactive and carrier gas flows were 5,000,
1,190, and 1,000 sccm for ammonia, TMG, tri-methyl
Indium (TMI), and nitrogen. The TMI bubbler was kept
at 188C and the reactor pressure was 400 Torr.
Characterization
The structure and composition of the samples were
investigated by TEM and HRTEM (Tecnai G2 S-Twin
microscope operated at 200 kV and JEOL 2100-F Field-
Emission Analytical Transmission Electron Microscope
operated at 200 kV), EDS (Philips CM200/FEG micro-
scope operated at 200 kV, equipped with a Link EDS
detector, and a Weiss FESEM Ultra-55 operated at 30
kV), and XRD (Bruker-AXS D8 with a general area
detector and Co Ka radiation). Samples were dispersed
on carbon coated copper grids for TEM or glass
substrates for XRD. Toluene suspensions of the nano-
wires were prepared for analysis by UV-vis absorption
spectroscopy (Shimadzu UV-3,600), and PL spectroscopy
was performed using a 532 nm excitation source for
disperse samples on TEM grids. Image correlation for PL
measurements was performed using the STEM mode on
a Weiss FESEM Ultra-55 operating at 30 kV. Magnetic
measurements were performed on powder samples of the
PtCo-overgrown CdSe nanowires with a SQUID magnet-
ometer (Quantum Design MPMS XL).
Conductance measurements
Source and drain electrodes with junctions spanning 20-
40 nm were fabricated on silicon wafer test chips using e-
beam lithography, followed by deposition of 55 nm of Au
on 10 nm of Ti. A film of 10 nm of silicon nitride or
aluminum oxide was deposited via atomic layer deposi-
tion (ALD) before the electrodes to prevent shorting
through the silicon substrate.
The nanorod samples were adsorbed to these prede-
fined Au junctions by submerging the chip in the
appropriate mM nanorod-toluene solution and drying
with N2. The details of this process are discussed below.
Once fabricated, the current through individual nanorod
devices was characterized in a two-terminal geometry as a
function of source-drain voltage and temperature. All
data reported here were measured in a 10
-6 Torr atmo-
sphere with a Janis Research ST-500-2 micromanipulated
probe station, chilled with liquid He or N2 cryogen.
Properties of hybrid nanostructures
There has been considerable interest in the selective
growth of metals on semiconductors through reduction,
physical deposition, or photochemistry. A facile method
for the deposition of Au on the tips of CdSe nanorods
was developed by one of the co-authors of this paper,
based on the reduction of Au by dodecylamine in
the presence of didodecyldimethylammonium bromide
(DDAB) at room temperature (15). Fig. 1A presents a
TEM image of CdSe nanorods decorated with two gold
tips. The same process has been shown for CdS nanorods
(Fig. 1B) (17). The anisotropic wurtzite crystal structure
of CdSe nanorods promotes selective growth of metals at
the tips as a result of their higher reactivity that is also
responsible for longitudinal growth along theB001 
direction to form CdSe nanorods. Initially, when the
concentration of Au is low, growth dominates at one of
the tips, possibly due to increased interaction with the Se
rich facet. Along the B001  axis the nanorods are
alternately composed of planes of Se and Cd, the Cd
having less reactivity with the Au. As the reaction
progresses and the Au concentration increases, the
DDAB facilitates an etching process of the CdSe rods
that may promote growth at both ends as Se sites are
exposed on the other end. However, by increasing the
ratio of Au to CdSe nanorods beyond the concentration
needed for growth of two tips, another process occurs. In
this process, one of the tips dissolves and the other tip
grows, resulting in asymmetric heterostructures with
single Au tips. This process was explained by an
electron-transfer mediated ripening mechanism (18).
These methods have also allowed for the selective growth
of Au tips on CdSe rods (Fig. 1A) and CdTe tetrapods
(Fig. 1C). We have shown that a variety of metals
can be grown with high selectivity on the tips of
Cd-calcogenides. In order to increase the application for
metal-semiconductor heterostructures, the semiconduc-
tor can also be changed to include narrow band-gap Pb
and Cu-chalcogenide nanocrystals, for example. Metal
growth has been demonstrated previously for Au on PbS
(7), and we have shown that similar results occur for PbSe
(Fig. 1E) and Cu2S nanocrystals (Fig. 1D). The PbSe
nanocrystals shown in Fig. 1E were treated with AuCl3 in
toluene with dodecylamine and DDAB, and at early
stages of growth or low Au concentrations the PbSe
particles were decorated with multiple Au nucleates
(Fig. 1E). At higher Au concentrations or a larger Au
to PbSe ratio, a ripening process, similar to that observed
for CdSe nanorods (18), resulted in coalescence of the Au
nucleates on the PbSe nanocrystals. Growth of Au was
expanded to gas phase (MOCVD) grown nanowires
(GaN and InGaN) and similar results were obtained as
shown in Fig. 1F (19).
Extension of these methods to include Pt and related
binary metals is of particular interest for photocatalytic
applications where the catalytic activity of Pt is relevant
for an extremely large number of reactions that are not
accessible with Au. However, previous attempts to reduce
Pt on CdSe in this manner were unsuccessful, and the
reduction of Au on CdS resulted in the growth of metal
clusters over the entire rod, with less selectivity for the
tips (17). A high-temperature organometallic method for
the synthesis of Pt-CdS, PtNi-CdS, and PtCo-CdS hybrid
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described here. There are several advantages inherent in
this approach including high selectivity for the tips, an
absence of etching that preserves the size of the nanorods,
and composition control of the metal tips.
The procedure for the selective growth of Pt on
semiconductor nanorods was adapted from a scheme
for the synthesis of NixPt1-x nanoparticles developed by
Weller and coworkers (9). In order to produce the
heterostructures, a mixture of Pt precursor and CdS
rods was injected into a coordinating solvent containing
stabilizers and a reducing agent at high temperature, the
growth of the Pt nanoparticles on CdS nanostructures
was first shown in our earlier report (16). Herein, we
discuss the growth of the four various compositions of
metals on CdSe nanowires (20). We have used the same
procedure that was described before to decorate CdSe
nanowires with Au, Pt, and bimetal nanoparticles (PtNi,
PtCo) as shown Fig. 2. Fig. 2A shows the Au growth on
the surface of the CdSe nanowires. The size of the Au
particles is controlled by changing the concentration of
the Au precursor. The high reactivity of the tips as a
result of increased surface energy and imperfect ligand
passivation allows for selective chemistry on different
facets (2). During the early stages of metal growth, or at a
low metal concentration, metal deposition appears to
occur preferentially on only one tip of the CdSe
nanowires, this observation was clearly shown in the
growth of the metal on the CdS (or CdSe) nanorods. This
process is not related to the electrochemical ripening seen
for the Au tipped semiconductors but rather can be
explained by considering that at low metal concentra-
tions, the Se rich facets along the B001  axis are more
highly reactive. Alternatively, due to the significant length
of the CdSe nanowires relative to the size of the metal
particles, each tip may act as an isolated nucleation site
independent of the other tip. Thus, at low metal precursor
concentrations where some of the rods do not experience
metal growth on either tip, the remainder of metal
nucleation will most likely occur on only one of the
tips. Increasing the amount of metal relative to the
concentration of CdSe wires leads to decoration of the
nanowires with Au particles, as shown in Fig. 2A. The
procedure was expanded to other metal as shown in Fig.
2BD, which presents TEM images of CdSe nanowires
decorated with Pt, PtNi, and PtCo, respectively.
The XRD patterns and the EDS spectra of the four
samples shown in Fig. 2 are presented in Fig. 3A, B. The
pure CdSe wires and Pt-CdSe agree well with the bulk
CdSe wurtzite crystal structure and that for face-centered
cubic Pt. The EDS measurements shown in Fig. 3B of the
CdSe and Pt-CdSe clearly show the elemental composi-
tion of the two samples (Cd, Se, and Pt).
Characterization of the binary metallic heterostruc-
tures was performed to determine the composition of the
metal tips. The XRD measurements (Fig. 3A) provide
evidence for the presence of crystalline CdSe and Pt peak
shifted corresponding to a change in lattice constant with
alloy formation (9, 21). Furthermore, there was no
evidence for pure Ni or Co phases or their respective
Fig. 1. Au overgrowth on semiconductor nanomaterials. (A) CdSe-Au nanorods, (B) CdS-Au nanorods, (C) CdTe-Au nanorods,
(D) Cu2S-Au hexagonal nanoprisms, (E) PbSe-Au nanocrystals, (F) GaN-Au nanowires.
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cursor is not reduced in the absence of Pt under the
conditions described here. Selected area EDS measure-
ments on a single tip of the PtNiCdS hybrids shows
the presence of both Pt and Ni in the tip (Fig. 3B), while
analysis on a larger number of tips indicates the presence
of approximately 25% Ni relative to Pt. These results
are of interest because control over the composition of
the tips may have a direct effect on the catalytic activity of
these materials.
Magnetic characterization of the PtCo-CdSe hybrid
nanowires was performed using SQUID magnetometry.
Hysteresis loops are presented for the PtCo-CdSe hybrid
nanowires for both 300 and 4.2 K in Fig. 4 (22). The
lower inset displays temperature-dependent magnetiza-
tion measurements done in both zero-field cooled and
field-cooled modes. The structures exhibit superparamag-
netic behavior with a blocking temperature of approxi-
mately 30 K, which is typical of nanoscale PtCo particles
(23). We thus see that, in this case, the magnetic proper-
ties of the PtCo alloys are preserved upon growth onto
the CdSe nanowires.
Optical absorption and photoluminescent (PL) mea-
surements of the Au-CdSe hybrid nanowires show
significant broadening upon Au growth a concurrent
quenching of the photoluminescence indicative of strong
coupling between the semiconductor and metal tip. Fig. 4
presents the SEM images (using the STEM detector) of
the CdSe nanowires before (4A) and after Au growth
(4B). The PL and absorption spectra of the same samples
shown in A and B were taken and shown in C and D,
respectively.
Electrical measurements of single nanostructures re-
main a challenging task. The electrical properties of a
single semiconductor nanostructure are influenced by
various parameters; among these parameters is the
interface between the semiconductor nanostructure and
the metal electrodes. This interface plays a significant role
of determining the overall properties. We have conducted
systematic measurements to study the effect of the
interface by comparing the electrical response of CdSe
nanorods with and without the Au tips (24). The Au-
CdSe hybrid nanorods provide a direct two metal-
semiconductor interfaces with no surfactant in the
middle.
Fig. 5 shows the TEM images CdSe nanorods with
(Fig. 5A) and without Au tips (Fig. 5B) and the SEM
images of the two Au electrodes that were fabricated as
described in the experimental section (Fig. 5C). The
absorption spectra of the CdSe sample before and after
the growth are shown in Fig. 5D. The broadening of
the absorption spectrum of the CdSe-Au sample was
discussed earlier in this manuscript.
Measurement of the electrical properties of single
nanords is shown in Fig. 6. The room temperature
resistance of various devices is summarized in Fig. 6A.
The resistance values obtained for the pure CdSe (red
trace) are ranged between 10
11 and 10
13, which is 6-orders
of magnitude higher compared to the Au-CdSe (green
trace) nanostructures. These results can be shown in the
Fig. 2. Growth of different metals and binary metals on CdSe nanowires. (A) CdSe-Au nanowires, (B) CdSe-Pt nanowires, (C)
CdSe-PtNi nanowires, (D) CdSe-PtCo nanowires.
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much higher for the CdSe nanorods compared to the Au-
CdSe hybrid structure. The improvement of the electrical
conductivity by lowering the resistance at the interface
opens a wide range of applications in electronics, energy,
and others.
Conclusion
Hybrid nanostructures could have special interest in
catalysis and energy application. We have shown the
synthesis of hybrid nanostructures of different materials
and various shapes. The electrical properties of individual
CdSe nanorods with and without Au tips are shown.
Fig. 3. Characterization of metal and binary metal overgrowth on CdSe nanowires. (A) XRD data, (B) EDS data, (C) SQUID
magnetometry results for CdSe-PtCo showing temperature-dependent magnetization measurements (magniﬁed in upper inset).
Lower inset shows traces of magnetization as a function of temperature in zero-ﬁeld cooled (triangles) and ﬁeld-cooled (squares)
modes.
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Citation: Nano Reviews 2011, 2: 5983 - DOI: 10.3402/nano.v2i0.5983Fig. 5. TEM image of CdSe nanocrystal before (A) and after (b) Au tip growth. SEM image (c) and schematic (e) of a single
nanocrystal two-terminal device. After a silicon wafer test chip was submersed in a toluene-nanocrystal solution, the
evaporating solvent orients individual nanocrystals across predeﬁned Au electrodes fabricated via e-beam lithography. (d)
Solution phase optical spectra indicate onset of ﬁrst exciton absorption at 2 eV for both CdSe (red) and Au-tipped CdSe
heterostructure (green) samples.
Fig. 4. Growth of different metals and binary metals on CdSe nanowires. (A) CdSe-Au nanowires, (B) CdSe-Pt nanowires, (C)
CdSe-PtNi nanowires, (D) CdSe-PtCo nanowires.
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